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Original Features 
Ship collisions are a complex phenomenon as they consist of transient ship motions and 
structural deformations, commonly referred to as external dynamics and internal 
mechanics. The majority of collision simulation models decouple the external dynamics 
from the inner mechanics for the sake of simplicity. This thesis proposes a coupled 
simulation model considering all six degrees of freedom for both colliding ships. The 
ships are regarded as being rigid when their global motions are being considered. An 
allowance for major local structural deformations is made when dealing with the contact 
between the ships. The following features of this thesis are believed to be original. 
1. The distribution of energy components during large-scale collision experiments 
was calculated and presented in [P1]. These distributions present the quantitative 
significance of different energy-absorbing mechanisms in ship collisions and 
reveal the important phenomenon of sloshing.  
2. A model-scale test setup for ship collisions was designed and scaled according 
to the large-scale tests in [P2]. It was shown in [P2] that the model-scale tests 
were physically similar to the large-scale ones. The test setup was exploited to 
investigate collision dynamics in symmetric [P2] and non-symmetric collisions 
[P3].  
3. An experimental study on sloshing interaction in collision dynamics was 
performed. The interaction was studied on a large scale in [P1] and on a model 
scale for a wide range of collision scenarios in [P4]. 
4. A three-dimensional ship collision model, including the coupling between 
external dynamics and inner mechanics, was developed with the help of the 
kinematic condition [P3]. This condition is based on the mutual ship motions 
and on the geometry of the colliding ships, giving the penetration and, thus, the 
contact force. The elastic springback of structures deformed in a collision was 
considered during the separation of the ships. The simulation model was 
validated with the help of the experimental results of the symmetric collision 
tests in [P1] and those of the non-symmetric collision test in [P3]. 
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5. The effects of fluid sloshing in partially filled tanks are included in the 
simulation model, using a discrete mechanical model for sloshing [P1 & P4]. 
The vibratory response of the hull girder of the struck ship is included for the 
sway motion of the struck ship [P1]. 
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1. Introduction 
1.1. Background 
Waterborne vehicles have been subject to a variety of accidents since their early 
dawn. With the increasingly higher speeds and displacements of ships, the 
consequences of accidents could be disastrous. Today’s society is more reluctant to 
accept environmental damage and casualties. Therefore, significant marine accidents, 
for example the collision of the Stockholm and Andrea Doria in 1956 or the grounding 
of the Exxon Valdez in 1989, have often formed a basis for the development of 
measures to increase the safety of shipping. Operational safety measures aim to reduce 
the probability of accidents occurring, while structural safety measures in ships 
concentrate on the reduction of the consequences. Regardless of the measures developed, 
accidents involving ships can never be completely avoided – human errors, technical 
malfunctions, or other unpredictable events continue to occur. Eliopoulou and 
Papanikolaou
 
A reduction of the consequences of ship collisions implies the ability of colliding 
structures to absorb energy without a rupture causing flooding or oil spillage. The 
structure’s ability to withstand collisions is collectively called crashworthiness. A 
crashworthiness analysis of ship structures combines two separate fields, external 
dynamics and inner mechanics (Minorsky, 1959). The external dynamics evaluates the 
ship motions, giving as a result the energy to be absorbed by structural deformations, 
while the inner mechanics evaluates the deformations the structures undergo while 
absorbing that energy. The first studies on the crashworthiness of ship structures date 
back to the 1950s and deal with the collision safety of nuclear-powered ships. The 
understanding of the physics involved was based on facts learned from actual collision 
accidents (Minorsky, 1959) or on simplified experiments on the inner mechanics 
(2007) studied the statistics of tanker accidents and showed that the total 
number of accidents and the number of accidents causing pollution has decreased 
significantly in recent decades. However, the accidents causing pollution have not 
decreased to the same extent as the overall number of accidents. It has become obvious 
that the safety measures to reduce the consequences in accidents, such as ship collisions 
or groundings, should still be improved.  
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(Woisin 1979). Mainly because of the seriousness of the possible consequences, early 
crashworthy structures implemented in nuclear-powered ships such as the NS Savannah 
or NS Otto Hahn (see Soininen (1983) for the structural principles) were, however, far 
too impractical to be implemented in typical commercial ships. A significant 
improvement in crashworthiness came with the introduction of double-bottomed and, 
later, double-hulled tankers. Spacious double walls provide an additional buffer zone 
between the intruding object and the inner compartments of the ship. Knowledge about 
the performance of these structures was based on large-scale structural tests in the 
laboratory (Woisin, 1979; Amdahl and Kavlie, 1992). In recent decades many research 
studies have been devoted to developing even more efficient and compact crashworthy 
structures, for example a Y-core side structure (Ludolphy and Boon, 2000) or a buffer 
bow (Kitamura, 2000).  
 
 
Figure 1. Large-scale collision experiment in the Netherlands (photo taken by the 
author). 
 
The performance of the novel Y-core structure was studied, together with other 
concepts, in a series of large-scale experiments (Carlebur, 1995; Wevers & Vredeveldt, 
1999); see Figure 1. There, collisions between two river tankers with displacements of 
an order of magnitude of 1000 tons were studied. These were the first collision 
experiments that also included the external dynamics and its coupling to the inner 
mechanics. The analysis of the experiment with the Y-core side structure revealed 
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shortcomings in the understanding of collision phenomena. Contrary to the predictions 
made beforehand, the structure that was tested did not tear and was only slightly 
damaged (Broekhuijsen, 2003). Not only the way in which the structure deformed, but 
also the amount of energy to be absorbed was significantly lower compared to the 
predictions. In addition to the contact and the hydromechanical forces, there were other 
mechanisms absorbing a significant part of the available energy. Possible interactions 
arising from partially filled cargo tanks and from the dynamic bending of the hull had 
been excluded from the analysis. For the sake of brevity, we refer to these very relevant 
phenomena as complementary effects. These depend on the time histories of the ships’ 
motions and on the contact force. The motions should be calculated in parallel to the 
structural deformations to account for possible mutual interaction, i.e. the coupling 
between the inner mechanics and the external dynamics has to be considered on a 
reasonable level.  
The decoupling is possible in symmetric ship collisions, where the striking ship 
collides at a right angle with the amidships of the struck ship and where the 
complementary effects are negligible. In such a collision the ship motions are limited to 
a few components and the contact force as a function of the penetration can be 
predefined. The actual extent of the penetration is obtained by comparing the area under 
the force-penetration curve to the deformation energy from the external dynamics. 
Statistical studies (Lützen, 2001; Tuovinen, 2005) have, however, indicated that the 
majority of collisions are non-symmetric in one way or another. Often the collision 
angle deviates from 90 deg or the contact point is not at the amidships. In non-
symmetric ship collisions the penetration path cannot be predefined with reasonable 
precision, but it should be evaluated in parallel with the ship motions, implying once 
again the need for a coupled approach. Model-scale experiments (Määttänen, 2005) 
provide a first insight into the dynamics of non-symmetric collisions. These tests, 
together with the large-scale experiments, make it possible to develop and validate a 
coupled approach to ship collision simulations, including all the relevant energy-
absorbing mechanisms. 
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1.2. State of The Art 
One of the first calculation models to describe the external dynamics of ship 
collisions was proposed by Minorsky (1959). This single-degree-of-freedom (dof) 
model was based on the conservation of linear momentum and there was no coupling 
with the inner mechanics. The interaction between the ship and the surrounding water 
was through a constant added mass. The model allowed fast estimation of the energy 
available for structural deformations without providing exact ship motions. Woisin 
(1988) extended the collision model to consider three dof – surge, sway and yaw. Later, 
in 1998, Pedersen and Zhang included the effects of sliding and elastic rebounding. 
These two-dimensional (2D) models in the plane of the water surface are capable of 
analysing non-symmetric collisions and evaluating the loss of kinetic energy in a 
collision absorbed by structural deformations. However, there only the inertial forces 
are taken into account and thus, the effects of several hydromechanical force 
components and the contact force are neglected. 
Minorsky’s assumption of the constant added mass was investigated 
experimentally by Motora et al. (1971). In their experiments a ship model was pulled 
sideways with a constant force. They concluded that the constant value of the added 
mass is a reasonable approximation only when the duration of the contact and the 
transient motion is very short. A more precise method of presenting this so-called 
hydrodynamic radiation force was proposed by Cummins (1962) and Ogilvie (1964). 
Their method draws a clear distinction between two components of the force; one 
component is proportional to the ship’s acceleration and the other is a function of her 
velocity. The first of these components is what is described with the constant added 
mass term. The velocity-dependent component, commonly referred to as the 
hydrodynamic damping force, accounts for the memory effects of water. This approach 
requires the evaluation of frequency-dependent added mass and damping coefficients, 
which can be obtained by experiments (Vugts, 1968), by numerical methods (Journee, 
1992), or by algebraic expressions based on a conformal mapping solution (Tasai, 1961). 
In 1982, Petersen suggested a procedure for the time-domain simulations of ship 
collisions in which the hydrodynamic forces were included, as suggested by Cummins 
(1962) and Ogilvie (1964). Ship motions were again limited to the horizontal plane of 
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the water. This approach was validated with the model tests of Motora et al. (1971) and 
good agreement was found.  
As far as the author knows, the model of Petersen (1982) was the first time-domain 
simulation model capable of treating non-symmetric collisions in 2D. Earlier time-
domain simulation models by Drittler (1966) and Smiechen (1974) required either 
preliminary knowledge of the ship motions or were limited to symmetric collision 
scenarios. In Petersen’s model the coupling between the motions and the structural 
deformations was included quasi-statically using non-linear springs. Therefore, the 
component of the contact force arising as a result of the relative velocity between the 
ships, i.e. the frictional force, was disregarded. Brown (2002) described a similar 
coupled approach and also included the frictional force between the ships. Still, the 
hydrodynamic forces were considered only through the constant added mass. He 
compared the calculated deformation energy to that evaluated with the decoupled 
approach of Pedersen and Zhang (1998). It was concluded that, while the total 
deformation energy was predicted well, the decoupled method results in a different 
decomposition of the total deformation energy in the transverse and longitudinal 
directions, compared to that given by the coupled method. 
Le Sourne at al. (2001) formulated the external dynamics of collisions in a three-
dimensional (3D) space considering six dof for global ship motions and, similarly to 
Petersen (1982), included the hydrodynamic forces on the basis of Cummins (1962) and 
Ogilvie (1964). The coupling between the ship motions and the structural deformations 
was carried out simultaneously with the help of structural analysis with the finite 
element method. The method was used to simulate an eccentric ship-submarine 
collision, where only small angular motions are excited during the contact. The analysis 
concentrated mainly on the motions after the contact and revealed the importance of the 
hydrodynamic damping force on the roll and yaw motion of the submarine.  
As already discussed, the large-scale collision experiments (Carlebur, 1995; Wevers 
& Vredeveldt, 1999) revealed that the existing collision models did not explain all the 
possible energy-absorbing mechanisms. Tabri et al. (2004) included the sloshing model 
of Graham and Rodriguez (1952), and were the first to present the importance of 
sloshing interaction in collision dynamics. This sloshing model was also solved by 
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Konter et al. (2004), applying the finite element method. Sloshing in collisions was also 
studied by Zhang and Suzuki (2007), applying the arbitrary Lagrangian-Eulerian 
method. They concluded that for deep filling levels of water a simple mechanical model, 
similar to that of Graham and Rodriguez (1952), tends to overestimate the energy 
involved in sloshing motion.  
The energy consumption resulting from the vibratory bending of the hull girder in 
collisions has been studied by Tabri et al. (2004) and Pedersen and Li (2004). Both 
studies revealed that the energy consumption in relation to the other absorbing 
mechanisms was small. 
 
1.3. Scope of work 
The present investigation comprises both an experimental and theoretical study; 
see Figure 2. Ship collisions are studied experimentally on a large and on a model scales. 
On the basis of the experimental observations, a 3D simulation model is proposed that 
couples the motions to the contact force, and considers all the major hydromechanical 
forces that act on the colliding ships. This makes it possible to carry out the simulations 
needed for the case of non-symmetric collisions. Additionally, the effects of sloshing 
and the dynamic bending of the hull girder are investigated and implemented into the 
simulation model. 
Large-scale experiments were analysed in order to get a deeper insight into the 
collision dynamics [P1]. This study was published in the year 2004 in the form of an un-
reviewed conference paper by Tabri et al. (2004). However, the data from the large-
scale experiments covered a limited range of symmetric collision scenarios and, in 
particular, no information was obtained about non-symmetric collisions. Therefore, a 
model-scale test setup was designed on the basis of these large-scale experiments, using 
the Froude’s scaling law to preserve geometric, dynamic, and kinematic similarity as far 
as possible. There, the emphasis is laid on the external dynamics. The structural 
response, properly scaled from the large-scale experiments, is modelled using 
homogeneous foam in the side structure of the struck ship model. This technique was 
adapted from model-scale ship grounding experiments (Lax, 2001). The crushing 
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resistance of the foam, together with a geometrically properly dimensioned impact bulb, 
gives a force-penetration curve similar to that in the large-scale tests. A wide range of 
symmetric and non-symmetric collision scenarios are studied on a model scale, 
allowing the influence of several parameters, such as the ships’ masses, the collision 
velocity, the location of the contact point, the collision angle, and structural resistance 
to be investigated [P3 & P4]. Moreover, the sloshing effects are studied by filling the 
tanks on board the striking ship to different water levels [P4]. To improve the 
understanding of the sloshing interaction, these tests are repeated with equivalent fixed 
masses in tanks.  
 
Figure 2. Outline of the investigation. 
 
The experimental findings are exploited in the development of the coupled 
collision simulation model. The model is formulated in 3D, and the contact force 
between the colliding ships considers both the normal and frictional components [P3]. 
The formulation of the equations of motion follows the derivations by Clayton and 
Bishop (1982) and, in addition to this, the hydrodynamic radiation forces are evaluated 
using the theories of Cummins (1962) and Ogilvie (1964), together with the strip theory 
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(Journée, 1992). The kinematic condition between the colliding ships is served through 
a common contact force. The contact force is evaluated as an integral over normal and 
tangential tractions at the contact surface. The contact process is divided into three 
phases according to whether the penetration increases, remains constant, or decreases. 
During decreasing penetration the elastic springback of the deformed structures is 
considered.  
The complementary effects, including the sloshing forces and the dynamic 
bending of the hull girder, are investigated both experimentally and computationally [P1 
& P4]. Several symmetric collision scenarios are experimentally studied on a model 
scale to reveal the dynamics of sloshing. A discrete mechanical model for sloshing 
(Graham and Rodriguez, 1952) is implemented into the time-domain simulation model 
[P4]. This sloshing model provides a simple means to include the sloshing forces in a 
collision in the motion equations. It should be noticed that this model does not require 
precise and time-consuming numerical calculations. The sloshing model describes the 
fluid in partially filled tanks with a single rigid mass and with a number of oscillating 
mass elements that interact with the ship structure through springs and dampers. The 
dynamic bending of the ship hull girder is included by modelling it as an Euler-
Bernoulli beam with a certain set of physical properties such as mass, flexural stiffness, 
and internal damping [P1]. 
 
1.4. Limitations 
This thesis proposes a simulation model of ship collisions in which the approach to 
consider different phenomena involved, is kept simple for the sake of time efficiency. 
This sets certain limitations on the applicability of the model. These limitations are 
discussed below.  
All the experiments and calculations are limited to collision scenarios where the 
struck ship is initially motionless. This is mainly due to the test setup of the model tests, 
where the focus was on the physical phenomena. The dynamics and kinematics 
involved with the forward speed of the striking ship are investigated. However, the 
physical principles remain the same for the struck ship in spite of possible interaction 
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resulting from the wave pattern arising from the surge of the struck ship also inducing a 
contact force component in that direction. The simulation model will not have this 
limitation, even though it lacks proper experimental validation. A calm sea is assumed 
throughout the experimental programme and the development of the simulation model. 
The simulation model has both non-linear and linear features. Non-linearity arises 
from the contact force and linearity is related to hydromechanical forces such as the 
hydrostatic restoring force and the hydrodynamic radiation forces. Because of this, the 
roll angle of the ships is limited to angles of approximately 10=. Moreover, the 
hydrodynamic added mass and damping coefficients are calculated at the initial 
equilibrium position of the ships and the effect of the change in actual position and 
orientation is disregarded. These limitations are supported by the observations from the 
large- and model-scale experiments. Effects arising from wave patterns around the 
colliding ships and the hydrodynamic coupling between them are considered as being 
secondary and thus they are disregarded. Flooding and the ensuing loss of stability are 
not investigated as the time scale of a collision is small compared to these.  
A study of the inner mechanics of ship side structures lies beyond the scope of the 
thesis as the focus is on collision dynamics. Therefore, in the study the side structure of 
the struck ship is replaced by homogeneous foam, with, however, the dynamic 
similarity being maintained. The calculation model for the contact force covers the 
kinematics between the ships and is based on the tractions at the contact surface 
described by the normal and tangential components, which are easily obtained for 
homogeneous material compared to that of real ship structures. The model is quasi-
static, but includes friction forces based on the relative velocity between the ships. 
The sloshing interaction is due to sway and surge, and angular motions play a minor 
role. The sloshing model applied in the simulations is based on linear flow theory and 
the effect of possible roof impacts is ignored. However, the damping effect is included 
with a simple viscous damping model.  
The vibratory response of the hull girder is studied on a large scale, as in the model-
scale experiments rigid ship models were used. In the simulation model the bending is 
considered as a vibratory response of the lowest eigenmode of an Euler-Bernoulli beam. 
This response is included only for the sway motion of the struck ship. 
27 
 
2. Experimental study 
The collision dynamics were investigated through large- and model-scale 
experiments. The large-scale collision experiments (Wevers & Vredeveldt, 1999) 
provided an insight into symmetric collisions with sloshing interaction. The knowledge 
from the large-scale experiments is favourable as it is free of scaling effects, but on the 
other hand the tests are costly and thus a wide range of collision parameters cannot be 
studied. Model-scale experiments offer an alternative as a wider parametric range can 
be covered, but special attention has to be paid to scaling. A model-scale test setup was 
designed and validated with the help of the results of the large-scale experiments. In the 
model-scale tests a total of 46 collision experiments, including symmetric and non-
symmetric collisions, were carried out. Further, the collision experiments with water 
sloshing were studied. For the sake of brevity, the experiments with water sloshing are 
henceforth referred to as “wet” tests, while the other experiments without sloshing 
phenomena are simply “dry” tests. 
 
2.1. Large-scale experiments 
Several full-scale collision experiments using two inland tankers were conducted in 
the Netherlands by TNO in the framework of a Japanese, German, and Dutch 
consortium (Wevers & Vredeveldt, 1999). These experiments had different purposes, 
such as to validate numerical analysis tools, to investigate collision physics, and to test 
new structural concepts. In this study the experiments with Y-core (Wevers & 
Vredeveldt, 1999) and X-core (Wolf, 2003) side structures are of interest.  
 In the Y-core experiment both the striking and the struck ships had large amounts of 
ballast water in partially filled tanks, providing the possibility of sloshing occurring 
during the collision. On the other hand, in the X-core experiment the possible sloshing 
effects were practically removed, as there was only a small amount of ballast water. On 
the basis of these experiments, the time histories of different energy components 
throughout the collision were evaluated in [P1] and the importance of sloshing 
phenomena was revealed on the basis of energy balance analysis. The observations and 
28 
 
measured results of the large-scale experiments provided basic knowledge for the 
design of the model-scale experiments and for the development of the simulation model. 
 
2.2. Model-scale collision experiments 
The model-scale experiments were performed to extend the physical understanding 
of ship collisions. The large-scale experiments were scaled to model scale using a 
scaling factor of 35 [P2]. The Froude scaling law was obeyed considering the 
practicalities of the experiments, such as reasonable magnitudes of velocities and forces 
involved in ship collision. This led to proper relation between inertia and gravity forces, 
while viscous forces were overestimated as a result of a too small Reynolds number. 
However, viscous forces have only a minor role in such a transient event as ship 
collision. As shown later in this chapter, the prevailing forces in ship collision are 
inertia forces together with the contact force. 
The scaling resulted in ship models with the following main dimensions: length 
L
A 
=L
B
 = 2.29 m, depth D
A 
= D
B
 = 0.12 m, and breadth B
A
 = 0.234 m for the striking 
ship and B
B
The striking ship model was equipped with a rigid bulb in the bow and it collided 
with the side structure of the struck ship model; see Figure 3. At the contact location a 
block of homogeneous polyurethane foam was installed. The force-penetration curve 
from the large-scale experiment was used to scale down the structural response of the 
struck ship and, thus, maintain dynamic similarity. The scaling was based on the 
crushing strength of the foam and on the geometry of the bulb [P2]. The selected foam 
had a crushing strength of 0.121 MPa (Ranta and Tabri, 2007).  
 = 0.271 m for the struck ship. When compared on the same scale, the 
flexural rigidity of the ship models was significantly higher than that of the large-scale 
ships and thus, the hull girder bending was not studied on the model scale.  
The dry model-scale experiments were divided into three different sets on the basis 
of the collision scenario. The first set concentrated on symmetric collisions [P2], while 
the second and the third sets contained non-symmetric collision experiments [P3]. In the 
second set, the eccentricity LC of the contact point was varied between 0.13L
B
 to 0.36L
B
 
from the amidships towards the bow, but the collision angle ) had the same value, 90=. 
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In the third set, the collision angles varied from 30= to 120=, but now the eccentricity 
was kept constant at around ~0.18L
B
 
.  
 
Figure 3. Model-scale test setup. 
During the collision all six motion components of both ships were recorded with 
respect to an inertial coordinate system using a Rodym DMM non-contact measuring 
system. Depending on the collision scenario, the contact force was recorded either in a 
longitudinal or in the longitudinal and transverse directions with respect to the striking 
ship model. These two separate measuring systems were not synchronised because of a 
non-constant time lag resulting from the post-processing of data in the Rodym system. 
Thus, an automatic correction of the time lag was not possible and the synchronisation 
had to be carried out manually [P2]. 
The model-scale results of symmetric collisions, covering the motions, forces, and 
energy distributions, proved that the test setup provided results qualitatively and 
quantitatively similar to the large-scale tests [P2]. This fact made it possible also to 
exploit the results of the non-symmetric model-scale tests for the validation of the 
simulation model. 
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2.3. Model-scale collision experiments with sloshing effects 
The sloshing phenomenon was experimentally studied on a model scale, with 
several water filling levels in two onboard tanks being considered [P4]. On the basis of 
the experience from the dry tests, the measuring systems were developed further to 
improve the synchronisation. In addition, two water tanks were installed on board the 
striking ship model; see Figure 4. The free surface elevation in the tanks was measured 
with four resistive wave probes made of steel wire. Three probes were installed in the 
fore tank and one in the aft tank. 
 
 
Figure 4. Model-scale test setup for wet tests. 
 
Four different even-keel loading conditions of the striking ship model were tested 
under three velocities. The amount of water in the water tanks varied from 21% to 47% 
of the total displacement of the model. To deepen the understanding of the effect of the 
sloshing phenomena on collision dynamics, most of these wet tests were repeated with a 
loading condition in which the water in the tanks was replaced with rigid masses of the 
same weight.  
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The setup for the wet tests gave reliable and repeatable results [P4]. The results of 
the model-scale experiments clearly emphasised the importance of sloshing in 
connection with the collision dynamics. According to the results of the model 
experiments, it can be stated that the sloshing made the striking ship behave like a 
lighter ship, causing a reduction in the collision damage to the struck ship. This could be 
seen from the deformation energy, which in the wet tests was only about 80% of that in 
the dry tests with equivalent collision scenarios. This energy reduction value was clearly 
influenced by the filling level, but not that strongly by the initial collision velocity of 
the striking ship. 
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3. Collision dynamics 
3.1. Physical phenomena of ship collisions 
When two ships collide, the contact force arises as a result of the penetration of 
structures, defined as a relative position between the striking and the struck ship. The 
contact force causes the ships to become displaced from their current position. At any 
time instant the force has to be in balance with the inertial and hydromechanical forces 
associated with this movement. Ship motions are defined in the inertial reference frame 
O
0
x
0
y
0
z
0
, while the forces are mainly defined with respect to local coordinate systems 
O
i
x
i
y
i
z
i
, which move with the ship; see Figure 5. Hereafter, the superscript characters A 
and B denote the striking and the struck ship, respectively. If the superscript is omitted 
or replaced by i, it means that the description is common to both ships. 
 
Figure 5. Definition of collision dynamics and kinematics. 
 
During a collision, the initial kinetic energy of the ships is transferred to the 
work done by the ship motions and by the forces. However, to get a comprehensive 
overview of collision dynamics a presentation through energies is more advantageous 
compared to that through motions and forces. The time histories of the energy 
components in the symmetric large-scale collision experiments with Y-core (Wevers 
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not even depicted, can be clearly seen. It should be noticed that the kinetic energy B
KIN
E  
covers both the structural mass and the hydrodynamic added mass. Furthermore, Figure 
7 illustrates the transformation of the kinetic energy into sloshing energy i
SL
E  during the 
collision. The significance of the sloshing is clearly seen in the case of the striking ship 
in Figure 7b, where at the time instant of the maximum contact force, around t = 0.5 s, 
almost all of the energy is associated with the sloshing motions of the liquid in the tanks. 
The energy B
F
E  to overcome the hydrodynamic drag resulting from sway motion, and 
also the energy B
B
E  caused by the dynamic bending of the hull girder, are relatively 
small compared to the other energy components. 
a) b) 
 
Figure 7. The variation in the motion energy components throughout the large-scale 
collision in the case of the struck ship (a) and the striking ship (b).  
 
3.2. Hydromechanical forces 
The hydromechanical forces, especially the radiation force, together with the ship’s 
inertia and the contact force, are the main components in collision dynamics. An 
accelerating or decelerating ship encounters a hydrodynamic radiation force induced by 
the relative acceleration between the hull and the water. The acceleration component of 
this force is based on the constant added mass at an infinite frequency of motion 
multiplied by the ship’s acceleration. In the presence of a free surface an additional 
force component – hydrodynamic damping – arises. This is evaluated with the help of 
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the convolution of the velocity and retardation function, which accounts for the memory 
effect of water (Cummins, 1962; Ogilvie, 1964). This approach requires the evaluation 
of the frequency-dependent added mass and the damping coefficients, which are 
calculated with the help of the strip theory (Journée, 1992). 
The importance of the radiation force and the corresponding energy increases in 
non-symmetric collisions as a result of the longer contact duration compared to that of 
symmetric collisions. This is demonstrated by the time histories of the relative radiation 
energies in Figure 8. There, these energies are presented over the duration of the contact 
in model-scale tests with similar loading conditions and collision velocities. There, the 
kinetic energy E"  resulting from the added mass dominates during the first half of the 
contact, while the work i
KW  resulting from the hydrodynamic damping becomes the 
most important radiation energy component by the end of the contact, where it accounts 
for about 17% of the total available energy in a non-symmetric collision and for about 
10% in a symmetric collision. 
a) 
 
b) 
 
Figure 8. The proportions of the radiation energy to the total available energy in a 
symmetric model-scale test, No. 111 (a), and a non-symmetric model-scale test, No. 303 
(b) (see Appendix B in [P3] for the test matrix). 
 
The hydrostatic restoring force is assumed to be proportional to the angular 
displacement of the ship from the equilibrium position, limiting the displacement to 
angles of approximately 10=+5P>6. The hydrodynamic drag is assumed to be proportional 
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to the square of the ship’s velocity and is considered for surge and sway. In the surge 
direction only the frictional resistance is included with the ITTC-57 friction line 
formula, as the magnitude of the other resistance components is assumed to be 
negligible. The modelling of the hydrodynamic drag in the sway direction is based on 
the formula presented by Gale et al. (1994). 
 
3.3. Contact between the ships 
The interaction between the ships during a collision is through a contact force 
common to both ships. The interaction is modelled using the kinematic condition, which 
describes the penetration path of the contact force from the ship motions in the time 
domain. The penetration is solved piecewise in the time domain and then the 
instantaneous contact force is calculated on the basis of the geometry of the colliding 
bodies and using a simple model of contact mechanics relating penetration to the 
contact force. 
As assumed in Chapter 1, all the deformations resulting from a collision are 
limited to the side structure of the struck ship, which deforms according to the shape of 
the penetrating rigid bow of the striking ship. The contact process is divided into three 
distinct phases [P3]. The contact starts with a loading phase, during which the 
penetration depth increases. This loading is followed by a short stiction phase, during 
which the direction of the relative velocity between the ships reverses and, thus, an 
unloading phase starts, during which the ships separate as a result of the elastic 
springback of the deformed structures.  
The contact force at each time step is obtained by integrating the normal and 
tangential tractions over the contact surface between the colliding bodies. The shape of 
the contact surface is based on the geometry and the relative position of the ships. The 
normal traction is equal to the known maximum normal stress on the surface of the 
deformed side structure. The tangential traction is based on the Coulomb friction law 
stating the proportionality between tangential and normal traction components.  
For the integration of the contact force, the contact surface is divided into 
integration elements. The normal traction occurs in compression and its direction is 
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determined by the normal of the element. However, the direction of the tangential 
traction depends on the relative motion between the ships. During the loading and the 
unloading phases this direction is determined as a projection of the relative velocity into 
the plane of the integration element. In the stiction phase the direction of the tangential 
traction is based on the relative acceleration to avoid singularity problems with the 
reversing velocity (Canudas et al., 1995; Dupont et al., 2000).  
When the penetration starts to decrease in the unloading phase, the contact is not 
immediately lost because of the elastic springback of the deformed structure. This is 
considered throughout the unloading phase in order to define the contact surface and the 
direction of the relative velocity in the plane of the integration element. It was assumed 
in [P3] that the struck ship’s structure in contact with the integration element recovers 
along a path defined by a normal of the initial un-deformed surface. The direction of the 
relative velocity on the contact surface is based on the rate of recovery along that path 
and this direction determines that of the tangential traction.  
 
3.4. Dynamic hull bending 
In addition to rigid body motions in sway, impact loading caused by a collision 
also induces the transverse dynamic bending of the hull girder of the struck ship [P1]. It 
is assumed that the cross-sections of the hull girder remain plane, which allows the 
modelling of the ship girder as an Euler-Bernoulli beam. The hull girder is modelled as 
a body with free end boundary conditions. There, the major physical properties are its 
length, flexural stiffness, mass per unit length, and internal damping!" 
The vibratory response of the ship hull girder is based on the superposition of its 
eigenmodes. These, with the corresponding eigenfrequencies, are solved according to 
Timoshenko et al. (1937). However, in a collision only the response resulting from the 
lowest eigenmode is of interest. The equation of motion of vibratory response in time 
domain is expressed with generalised coordinate (Clough and Penzien, 1993) exploiting 
the corresponding generalised loading at each time step and the generalised mass, which 
also includes the constant added mass in sway. The loading considers only the 
component of the contact force transverse to the struck ship. The value of internal 
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structural damping in bending is based on the measured damping values of several ships 
(ISSC, 1983).  
 
3.5. Sloshing interaction 
Sloshing covers a transient fluid motion inside an onboard tank caused by a rapid 
movement of a ship hull during a collision. The effect of the sloshing on the collision 
dynamics is based on time-varying loads on the tank bulkheads and, thus, causes a 
change in the energy distribution during a collision. 
Sloshing interaction in ship collisions was studied in [P1] and [P4] on the basis of 
the large- and model-scale experiments, and on theoretical modelling, applying 
computational fluid dynamics (CFD) and the mathematical analogy model developed by 
Graham and Rodriguez (1952). This model is based on the linear potential flow theory, 
which assumes linearised free surface conditions. There, the water in a partially filled 
tank is divided into a rigid mass and into a finite number of oscillating masses. These 
oscillating masses are connected to the bulkheads by springs and viscous dampers, 
where the spring compression and the damper velocity give the sloshing force for the 
equations of motion in sway and surge. Each of these oscillating masses with damping 
describes one eigenmode of fluid sloshing. 
To get full correspondence to the results of the potential flow theory, a mechanical 
model of sloshing requires an infinite number of such oscillating elements. However, it 
has been proven that the sloshing force induced by a spring-mass element decreases 
rapidly with an increasing mode number (Abramson, 1966). On the basis of the CFD 
calculations, it was concluded in [P1] that a sufficient number of oscillating masses is 
three in collision applications. The damping coefficients for the viscous damping model 
were evaluated by CFD calculations in [P1] and by model-scale experiments in [P4]. 
The damping coefficient increases as a function of the initial velocity of the striking 
ship and decreases with the relative filling level in the tanks. 
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4. Time-domain simulation model 
4.1. Equations of motion and time integration 
A time domain simulation of collision combines all the forces discussed in Chapter 
3 in a single calculation and gives the ships’ behaviour with the collision forces. The 
relation between the forces and the ship motions is described through a system of 
equations of motion for each ship. There, the contact force is derived with the help of a 
kinematic condition based on the relative motion between the ships. The system of six 
equations of rigid body motions was presented in [P3]. In [P4] this system was extended 
to take the sloshing into account. There, it was assumed that the effect of sloshing on 
the ship’s mass centre is negligible and thus it remains fixed to its initial position. The 
transverse vibratory bending of the hull girder of the struck ship was included in [P1] as 
an additional equation of motion in the sway direction. All the Newtonian equations of 
motion are expressed in the local coordinate systems of the ships, allowing a fast 
evaluation of the hydromechanical and the sloshing forces. 
The time integration of the equations of motion is based on an explicit 5
th
 
-order 
Dormand-Prince integration scheme, which is a member of the Runge-Kutta family of 
solvers (Dormand and Prince, 1980). Inside a time integration increment, seven sub-
increments are calculated. The hydrodynamic inertia force, the restoring force, the 
sloshing forces, and the ship motions are updated in every sub-increment. On the other 
hand, the contact force, velocity-dependent radiation force, and the hydrodynamic drag 
are kept constant during the whole integration increment for the sake of time efficiency. 
The results converged when the time increment was around 10 ms on a full scale. 
4.2. Numerical solution procedure 
The procedure of the time domain simulation is presented in Figure 9, where it is 
divided into three steps. First, at time t, the position, velocity, and acceleration are 
known for both ships. As a second step, the external forces are calculated for time t on 
the basis of these values. The gravity force is constant throughout the collision and acts 
along the global vertical axis z
0
. The hydromechanical forces are calculated in a local 
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coordinate system from the position and motions of the ships. For the contact force the 
relative position and motions are presented in the local coordinate system of the striking 
ship, where the contact force is calculated. Given the contact force, the vibratory 
bending of the hull girder is evaluated. Sloshing forces ensue from the relative motion 
between the sloshing masses and the ship. As a final step, the values of the initial 
parameters are all substituted into the equations of motion, whence the values of the 
ship motions are solved for time instant t+?t.  
The solution of the equations of motion for both colliding ships at time instant t+?t 
provides kinematically admissible motions given in the local coordinate system O
i
x
i
y
i
z
i
. 
In addition, the vibratory response of the hull girder of the struck ship is added to the 
sway motion of the rigid body. The new position of the ship’s centre of gravity at t+?t 
with respect to the inertial frame is evaluated by transforming the translational 
displacement increments to the inertial frame. After this, the orientation with respect to 
the inertial frame is updated by the angular increments of Euler’s angles. The process is 
repeated until the end of the collision. 
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4.3. Comparison to a momentum conservation model 
The deformation energies and penetration paths of the contact force are calculated 
for four non-symmetric model-scale collision tests using both the developed time-
domain simulation model and a decoupled approach based on the momentum 
conservation law. A calculation model based on the momentum conservation gives as 
an output only the energy absorbed by structural deformations. Here, the decoupled 
model of Zhang (1999) is exploited to evaluate this energy, and in Table 1 it is 
compared to the energies obtained from the model-scale experiments and by the present 
coupled approach. For the decoupled model only the total deformation energy is 
presented, while for the other two methods the pure plastic deformation energy is also 
presented. In the decoupled model the decomposition of the total energy into its plastic 
and elastic components requires a knowledge of the ships’ velocities immediately after 
the contact, which cannot be precisely defined on the basis of the decoupled approach 
alone.  
 
Table 1. Deformation energy obtained by different methods (total deformation 
energy/plastic deformation energy) 
Test Experimental 
(total/plastic) 
Decoupled model 
(Zhang, 1999) 
Coupled model 
(total/plastic) 
 [J] [J] [J] 
202 2.36/2.28 2.48/- 2.51/2.14 
301 4.20/4.14 4.30/- 4.62/4.21 
309 3.19/3.19 4.4(2.9*)/- 3.60/3.60 
313 3.14/3.09 3.7/- 3.45/3.14 
*- deformation energy assuming sliding contact in Zhang’s model 
 
Computational models tend to overestimate the total deformation energy by 
approximately 10% and both methods give a similar outcome, except in Test No. 309, 
where there is significant sliding between the ships. The plastic deformation energy 
evaluated with the coupled approach agrees well with the experimental measurements.  
In the decoupled model the total deformation energy is the only outcome and the 
penetration is assumed to follow the direction of the initial velocity of the striking ship 
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(Zhang, 1999). To solve the final value of the penetration corresponding to the 
deformation energy obtained, the contact force model from [P3] is exploited. 
 
a) 202 ()=90 deg, LC=0.83 m) 
 
b) 301 ()=120 deg, LC=0.37 m) 
 
c) 309 ()=145 deg, LC=0.46 m) 
 
d) 313 ()=60 deg, LC=0.29 m) 
 
Figure 10. Penetration paths of the bulb in the struck ship (see Appendix B in [P3] for 
test matrix). 
 
The penetration paths evaluated by two computational models are presented in 
Figure 10. There, the penetration paths of the bulb into the side of the struck ship are 
presented. The longitudinal extent of the damage is denoted by x
B
 and, correspondingly, 
the transverse extent by y
B
. For Test No. 202, presented in Figure 10a, the results of 
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both methods agree well with the measured one, even though the longitudinal 
penetration is slightly underestimated. In other tests with an oblique angle the 
differences between the results obtained with the different methods are larger. The 
developed method estimates the penetration paths with good accuracy, but the 
decoupled approach yields a deeper penetration, while the longitudinal extent of the 
damage is smaller. This becomes especially clear from the results of Test No. 309 in 
Figure 10c, where the striking ship slides along the side of the struck ship and thus the 
penetration path deviates significantly from the direction of the initial velocity. A 
circular marker in Figure 10c denotes the deformation energy when the sliding contact 
is assumed to occur in the model of Zhang (1999).  
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5. Conclusions 
The dynamics of ship collisions have been studied experimentally on a large and on 
a model scale. The experimental observation gave valuable information for the basic 
assumptions in the 3D time-domain simulation model for collisions that was developed. 
There, the ship motions and the contact force are treated simultaneously and all the 
major external forces acting on the ships during a collision are considered at a 
reasonable level of accuracy. The analyses of the large-scale collision experiments 
revealed that the existing simulation tools did not include all the relevant effects. 
Therefore, the simulation model that was developed also considers some 
complementary effects, such as sloshing and the vibratory bending of the hull girder in 
the transverse direction.  
Both the experiments and the simulations emphasised the importance of the 
coupling between the motions and the contact force, which resulted in a complex 
motion kinematics that could not be handled on the basis of the initial input parameters 
of the collision alone. It became especially obvious in the case of non-symmetric 
collisions, where the penetration paths were heavily dependent on the actual ship 
motions during the collision and on the structural properties of the ships. The 
penetration paths calculated with the time-domain simulation model agreed well with 
those from the large- and model-scale experiments, while the decoupled approach 
predicted, as expected, penetration that was too deep and short. However, both the 
coupled and decoupled approaches were able to predict the total deformation energy 
with a deviation of about 10%. On the basis of the model tests it can also be concluded 
that the hydrodynamic coupling between the colliding ships caused slightly higher 
penetration in the vertical direction, compared to that predicted with the time-domain 
simulations. The elastic springback of the deformed structures of the struck ship became 
important when the unloading phase was modelled. While in symmetric collisions there 
is a clear shift from the loading to the unloading at the time instant of the maximum 
contact force and penetration, in non-symmetric collisions the unloading starts in some 
regions of the contact surface before the maximum penetration occurs. Thus, in these 
scenarios the elasticity also plays an important role in predicting the maximum 
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penetration. Furthermore, the hydrodynamic radiation forces acting on the colliding 
ships proved to have a strong influence on the energy distribution as at the end of the 
contact they accounted for up to 25% of the total available energy. However, if the 
interest is in the maximum collision force and penetration depth, then the approach 
based on the constant added mass and ignored hydrodynamic damping is still 
reasonable, as the error in the deformation energy is about 5%. The energy absorbed to 
overcome the hydrodynamic drag accounts for about 1%-2% of the total energy. 
The results of the large- and model-scale experiments with partially filled liquid 
tanks emphasised the importance of sloshing for collision dynamics. The structural 
deformation energy in the wet tests was only about 70%-80% of that in similar dry 
collision tests. This energy reduction is strongly affected by the amount of sloshing 
water, while the effect of the collision speed is of secondary importance. The simulation 
method that was developed with the Graham and Rodriguez linear sloshing model 
overestimated the deformation energy by up to 10% in the case of the wet model-scale 
tests, but in the case of the large-scale wet test the predictions agreed amazingly well. 
The overestimation in the model-scale tests was due to the low relative filling levels of 
water and thus, the linear sloshing model is close to the boundary of its validity. 
Therefore, it can be concluded that this linear sloshing model gives results which are 
completely satisfactory within a certain range of water depths. The vibratory bending of 
the hull girder contributed to the sway velocity and acceleration at the amidships of the 
struck ship; however, its contribution to the energy balance is small, around 1%-2% of 
the total energy.  
The model developed here can be used to estimate the deformations in non-
symmetric collisions or when the ships are prone to sloshing in collision. However, the 
contact model should be extended to consider ship-like side structures, which have more 
complex deformation mechanisms in comparison to the one used in the simulations of 
the model-scale experiments. This, together with motion simulations, would improve 
the accuracy of collision analyses and, thus, allow the crashworthiness of different 
structural arrangements to be increased. More advanced sloshing models could enlarge 
the validity range of the sloshing and even include the different geometries and 
structural arrangements inside the tanks. 
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